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Abstract We have synthesized S (S4+)-doped and N (N3-)-doped TiO2 photocatalysts. S-doped and N-doped TiO2 loaded with Fe2O3 nano- particles have also been prepared. These photocatalysts showed activity under a wide range of wavelengths of irradiation. Action spectra of photochemical reaction rate as a function of the incident light wavelength for oxidation of acetic acid on S-doped TiO2 was studied.The photocatalytic activities of S-doped and N-doped TiO2 photocatalysts loaded with Fe2O3 nanoparticles for oxidation of acetic acid in aqueous phase and acetaldehyde in gas phase are markedly improved compared to those of doped TiO2 without loading  of Fe2O3 nanoparticles under a wide range of incident light wavelengths. The optimum amount of Fe2O3 nanoparticles loaded on S-doped TiO2 particles was diﬀerent from that on N-doped TiO2 for oxidation of organic compounds. The relationship between reaction rate of photocatalytic oxidation of acetaldehyde on doped TiO2 loaded with Fe2O3 nanoparticles and amount of Fe2O3 nanoparticles is discussed. 
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1. IntroductionEnvironmental pollution and destruction on a global scale are issues of increasing concern in today’s society.
There is a need for eﬀective catalysts for degradation of pollutants. In recent years there has been much interest   in the use of semiconductors as photocatalysts to initiate photocatalytic reactions at their interfaces [1]. Metal oxide semiconductor powders that show activity when irradiated with ultraviolet (UV) light have been used as photocata- lysts for degradation of pollutants. TiO2 has been widely used a catalyst because of its merits, including optical and electronic properties, low cost, high level of photocat- alytic activity, chemical stability and non-toxicity [2]. Since the discovery of photoelectrochemical splitting of water on titanium dioxide (TiO2) electrodes [3], semicon- ductor-based photocatalysis has received much attention [1,4–16] Most of these investigations have been carried out under UV light because a TiO2 photocatalyst shows rel- atively high levels of activity and chemical stability under UV light, which exceed the band-gap energy of 3.0 or 3.2 eV in the rutile or anatase crystalline phase, respectively. Although TiO2, one of the most promising photocata- lysts, is now used in various practical applications [1,11], only a small UV fraction of solar light, about 2–3%, can be utilized because of its large band gap of 3.2 eV.         The development of photocatalysts that show a high level of activity under visible light irradiation is needed in order to utilize sunlight or rays from artiﬁcial sources more eﬀectively in photocatalytic reactions. In the past, transition metal cations have been used as dopants to red-shift the absorption edge of TiO2 and SrTiO3 to a vis- ible light region [17–29]. For this purpose, reduced forms of TiOX photocatalysts [30,31] have been also investi- gated. Treatment of TiO2 powder with hydrogen peroxide [32] or chelating agents [33] allows some photocatalytic reac- tions to proceed under visible light. However, most of these catalysts do not show long-term stability or do 
not have suﬃciently high levels of activity for a wide range of appli- cations. Asahi et al. [34] reported that N-doped TiO2 shows photoabsorption at wavelengths longer than 400 nm. It has also been reported that N-doped TiO2 has photocatalytic activity under visible light. Recently, Umebayashi et al. have succeeded in synthesizing TiO2 doped with S anions [35]. Kahn et al. [36] reported that C-doped TiO2 was obtained as a result of  a  chemical  
modiﬁcation  of  TiO2 by controlled combustion of titanium metal in a natural gas ﬂame. These compounds absorb 
visible light. These ﬁndings are supported by the results of theoretical calcula- tions using full-potential linearized 
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augmented plane wave formalism (F-LAPW method). However, the absorption spectra of these compounds in the visible region are rela- tively small. It should also be noted that dopants such as   N and C are incorporated as anions and replaced by oxy- gen in the lattice of TiO2. Other techniques for synthesizing TiO2 photocatalysts showing relatively high levels of activ- ity under visible light have also been developed recently [37,38]. We have also developed and reported the synthesis of S-cation-doped TiO2 having anatase or rutile phase and Fe2O3 nanoparticles loaded on the surface of S-doped and N-doped TiO2 [39–42]. We have succeeded in preparing S-doped and N-doped TiO2 photocatalysts loaded with Fe2O3 nanoparticles having an anatase phase in order to enhance the charge separation between electrons and holes, resulting in improvement in photocatalytic activity for oxidation of organic compounds under the condition of visible light irradiation. These activity enhancements were improved by reduction and air oxidation of the doped TiO2 powders loaded with Fe2O3 nanoparticles. In the present paper, we report action spectra, i.e., plots of photochemical reaction rate or yield per unit number of incident photons as a function of wavelength. Studies have been carried out on photodegradation of methylene blue (MB) [43–45] as a representative dye for systems of activity evaluation by comparison with the results of tests on decomposition of acetic acid (AcOH) in its aerated suspen- sion system. In addition, the reaction mechanism for degra- dation of acetic acid on doped TiO2 loaded with or without Fe2O3 nanoparticles in gas phase has been studied. It has also been shown that the reaction mechanism of photocat- alytic oxidation of acetaldehyde on doped TiO2 loaded with Fe2O3 nanoparticles changed with change in the amount of Fe2O3 nanoparticles. 
2. Experimental
2.1. Materials and instruments Titanium dioxide (TiO2) powder having an anatase phase was obtained from Ishihara Sangyo (ST-01). P-25 having a mixture of anatase and rutile phases was obtained from Japan Aerosil. The relative surface areas of ST-01 and P-25 were 285.3 and 49.2 m2/g, respectively. The content of anatase phase of P-25 is 73.5%. Acetaldehyde, acetic acid, and FeCl3 were obtained from Wako Pure Chemical Indus- try. Thiourea and urea were obtained from Tokyo Chemical Industry Co. Ltd. Other chemicals were obtained from commercial sources as guaranteed reagents and were used without further puriﬁcation. The crystal  structures  of TiO2 powders were determined from X-ray 
diﬀraction (XRD) patterns measured with an X-ray diﬀractometer (Philips, X’Pert-MRD) with a Cu target Ka-ray (k = 1.5405 A˚ ).  The  relative  surface  areas  of  the  powders  were determined by using a surface area analyzer (Micromeritics, FlowSorb II 2300). The absorption and diﬀuse reﬂection spectra were measured using a Shimadzu UV-2500PC spec- trophotometer. X-ray photoelectron spectra (XPS) of the TiO2 powders were measured using a JEOL JPS90SX pho- toelectron spectrometer with an Al Ka source (1486.6 eV). The shift of binding energy due to relative surface charging was corrected using the C 1s level at 285 eV as an internal standard. The XPS peaks were assumed to have Gaussian line shapes and were resolved into components by a non-lin- ear least-squares procedure after proper subtraction of the baseline. ESR spectra were obtained on a JEOL JES-ME3 X-band spectrometer equipped with a 100 kHz ﬁeld modu- lation unit; a standard MgO/Mn2+ sample 
calibrated with an NMR magnetometer was employed for calibration of the magnetic ﬁeld. DRIFTS (diﬀuse 
reﬂectance infrared Fourier transform spectroscopy) was used to analyze the nature of the adsorbed species on the photocatalyst. The system consisted of an FTIR spectrometer (Jasco FT/IR- 4200) equipped with a DRIFTS cell (Jasco DR-81 Diﬀuse Reﬂectance Attachment). 
2.2. Preparation of S-doped and N-doped TiO2 powders loaded with Fe2O3 nanoparticles S-doped and N-doped TiO2 powders as starting materi- als were synthesized by previously reported methods[39– 42,46]. An appropriate amount of FeCl3 was dissolved in deionized water (300 ml). Three g of the doped TiO2 pow- der was suspended in a FeCl3 aqueous solution, and the solution was stirred vigorously for 2 h. After ﬁltration of the solution, the amount of Fe3+  ions  that  remained  in the solution was determined by UV absorption spectra to estimate the amount of Fe2O3 loaded on the doped TiO2 powder. Determination of Fe3+ ions in aqueous solution was measured by absorption of colored Fe3+ aqueous solu- tion by HCl. The residue was washed with deionized 
water several times until pH of the ﬁltrate was neutralized. The powders were dried under reduced pressure at 60 °C for 12 h. Detailed conditions for preparation are shown in Table 1. In order to analyze the chemical states of Fe2O3 loaded on the doped TiO2 during photoirradiation, ESR spectra of the doped TiO2 particles loaded with Fe2O3 were observed under reduced pressure and an aerated condition at 77 K. A 350-W high-pressure mercury lamp (WACOM Co. Ltd., BMI-350DI) was used as an irradiation light source. After photoirradiation, the powder  was 
 exposed to air and analyzed by ESR spectroscopy again.   
2.3. Monochromatic photoirradiation for oxidation of acetic acid on S-doped TiO2 
 Photocatalytic decomposition of acetic acid (Wako Pure Chemical, 0.05 mmol dm-3) in an aerated aqueous solution (Milli-Q water prepared with Yamato-Millipore WQ501; 3.0 cm3, adjusted to pH 3 by addition of hydrochloric acid) containing 30 mg of a photocatalyst was studied under monochromatic irradiation under air. The suspensions were stirred in the dark for 2 h to reach adsorption equilib- rium and were then subjected to monochromatic irradia- tion for 30 min in the range of 290–680 nm using a 
diﬀraction grating-type illuminator (Jasco CRM-FD) equipped with a 300-W xenon lamp (Hamamatsu Photon- ics C2578-02). The intensity of irradiation, measured by a Molectron PM5200 laser power meter, was in the range of 1.98–6.52 · 10-8 einstein s-1. The molar amounts of lib- erated carbon dioxide (CO2) as a result of decomposition of acetic acid were measured by a gas chromatograph (Shi- madzu GC-14B) equipped with a ﬂame ionization detector (FID) and a methanizer (Shimadzu MTN-1). The irradia- tion was continued until an almost linear increase in the CO2 amount was observed. The apparent quantum yield (Uapp) was calculated as a ratio of the molar rate of the gen- eration of CO2 to the ﬂux of incident photons.  
2.4. Photocatalytic degradation of acetaldehyde, formic acid, or acetic acid on the doped TiO2 in gas phase 
 The photocatalytic activities of S-doped and N-doped TiO2 loaded with Fe2O3 nanoparticles were evaluated by measuring the change in concentration of acetaldehyde and evolved CO2 as a function of irradiation time. A Ted- lar bag (AS ONE Co. Ltd.) was used as the photo-reactor vessel with a volume of 125 cm3. One hundred milligram of the TiO2 powder was spread evenly on the bottom of a glass dish (area: 9.6 cm2 = irradiation area), and this was placed in the reaction vessel described above. 2 3 Five hundred ppmv of acetaldehyde, formic acid, or acetic acid was prepared in the vessel by injection of saturated gaseous acetaldehyde. The irradiations were conducted at room temperature after equilibrium between the gaseous and adsorbed acetaldehyde had been reached (as ascer- tained by monitoring the concentration chromatographi- cally about every 30 min). A 500-W Xe lamp (USHIO Co. Ltd., SX-UI501XQ) was used as a light source. To limit the irradiation wavelengths, the light beam was passed through a UV-35, L-42 or Y-47 ﬁlter (Kenko Co.) to cut oﬀ wavelengths shorter than 350, 420 or 470 nm, respec- tively. Fine stainless meshes were used as neutral density 
ﬁlters  to  adjust  the  irradiation  intensity  (12.7 mW cm-2). After starting the irradiation, the decrease in acetaldehyde concentration was measured using a gas chromatograph (Shimadzu Model GC-8A, FID detector) equipped with an FEG-20 M 20% Celite 545 packed glass column using CR-8A CHROMATOPAC for data processing.  At  the same time, the amount of gaseous carbon dioxide evolved was analyzed using a gas chromatograph (Shimadzu Model GC-9A, FID detector) equipped with a TCP 20% Uniport R packed column and a methanizer (GL Sciences, MT-221) operated at a temperature of 375 °C and using CR-8A CHROMATOPAC for data processing.   
3. Results and discussion 
 
3.1. Absorption ESR and XRD spectra of S-doped and N- doped TiO2 loaded with Fe3+ compounds 
 Fig. 1 shows absorption spectra of S-doped and N- doped TiO2 loaded with Fe3+ compounds. The absorption spectra of the Fe3+ compounds loaded only on the surface of doped TiO2 particles in the visible region gradually changed with increase in the amount of Fe3+ compounds as shown in Fig. 1. The change in absorbance of S-doped and N-doped TiO2 loaded with Fe3+ compounds was derived from Fe3+ compounds on doped TiO2, which is thought to show absorbance in the visible light region. Fig. 2 shows ESR spectra of N-doped TiO2 adsorbed with Fe3+ compounds under reduced pressure. A broad peak at 4.4 assigned to Fe3+ species was observed. The peak completely disappeared under the condition of phot- oirradiation using a high-pressure mercury lamp (350 W; 18.5 mW/cm2) for 30 min. These results suggested that Fe3+ ions were eﬃciently reduced by photoexcited elec- trons to generate Fe2+ ions that are not detected by ESR measurement under reduced pressure. The results of ESR measurements in the case of S-doped TiO2 adsorbed with Fe3+ compounds were similar to those in the case of N- doped TiO2 with Fe3+ ions. Fig. 3 shows XRD spectra of S-doped TiO2 loaded with Fe3+ compounds. A small peak at 35.8°, which was assigned to c-Fe2O3, was observed [47– 49]. In the case of N-doped TiO2 loaded with Fe3+ com- pounds, a peak assigned to c-Fe2O3 was too weak to observe. These results indicate that photoexcited electrons 
 were eﬃciently trapped by oxygen through Fe2O3 nanoparticles loaded on the surface of the doped TiO2 photocatalysts resulting in enhancement charge separation as discussed later.  
3.2. VIS light activity of S-doped TiO2 loaded with Fe2O3 nanoparticles under polychromatic irradiation 
 In order to elucidate of the eﬀect of Fe2O3 modiﬁcation on the surface of S-doped TiO2 for improvement of VIS- light activity, the reaction rates of AcOH decomposition in aqueous phase on several kinds of TiO2 photocatalysts under polychromatic visible light irradiation (k > 430 nm) were measured. The results are shown in Fig. 4. The results indicate that S-doped TiO2 loaded with Fe2O3 nanoparti- cles (1.0 wt%) has the strongest VIS response among the photocatalysts examined, and the reaction rate is almost2.8-times higher than that of S-doped TiO2 without loading of Fe2O3 nanoparticles.  
3.3. Action spectra measurement of AcOH decomposition on S-doped TiO2 loaded with Fe2O3 nanoparticles 
 Fig. 5 shows the action spectra of P-25, pure S-doped TiO2 and S-doped TiO2 loaded with Fe2O3 nanoparticles for oxidative decomposition of AcOH in an aerated aque- ous solution. Since the stoichiometry in this photocatalytic reaction system is known  to  be  CH3COOH  + 2O2 = 2- CO2 + 2H2O, we ignored a possible radical chain mecha- nism and assumed eight holes and electrons are required when Uapp was calculated. After manipulation, the ﬁnal calculation formula of Uapp is shown in the following equation:  
 TiO2 and pure TiO2 (ST-01, anatase ﬁne particles) under photoirradiation at wavelengths longer than 350 nm as a where r is the reaction rate, a the constant, k the wave- length, and I is the light intensity. The shape of the action spectrum is similar to that of the absorption one and does not present any other new peaks, indicating that the photo- reaction underwent an only photocatalysis mechanism in the whole wavelength range. The spectra were rather simple; S-doped TiO2 loaded with or without Fe2O3 nanoparticles and P-25 exhibited comparable photocatalytic activities in the UV region.  The lower activity level of S-doped TiO2 loaded with or without Fe2O3 nanoparticles may be due to the enhanced recombination of photoexcited electrons and holes in this region, since dopants also acted as a recombination center. A slight shorter-wavelength shift of the spectra of S-doped TiO2 is also attributable to the enhanced recombination in the near band-gap wavelength.       The action spectrum of S-doped TiO2 loaded with Fe2O3 nanoparticles was further compared with that of P-25 and that of S-doped TiO2 without loading of Fe2O3 nanopartcles. As shown in Fig. 5, all of these three photocatalysts exhibit comparable photocatalytic activities in the UV region. In the visible region, both of the doped TiO2 photocatalysts show an appreciable VIS response and negligible activity is observed for P-25. The photocatalytic activity level of S-doped TiO2 loaded with Fe2O3 nanoparticles in the visible region is about two-times higher than that of S-doped TiO2 without loading of Fe2O3 nanoparticles. However, its visible response range is not extended and is still maintained at ca. 400–550 nm.i-   
3.4.  Photocatalytic decomposition of acetaldehyde on S- doped and N-doped TiO2 in gas phase 
 Fig. 6 shows photocatalytic evolution of CO2 as a result of decomposition of aldehyde on S-doped and N-doped TiO2 and pure TiO2 (ST-01, anatase fine particles) under photoirradiation at wavelengths longer than 350 nm as a function of irradiation time. Photocatalytic activities of S-doped and N-doped TiO2 were similar to that of pure TiO2 under photoirradiation at wavelengths longer than 350 nm. Despite the enhancement of recombination of photoexcited electrons and holes by doping treatments as described above, total photocatalytic activities of S-doped and N-doped TiO2 are thought to recover by improvement of photocatalytic activity in the visible light region because pure TiO2 does not show any photocatalytic activity under visible light.       The activity level for photocatalytic evolution of CO2 from acetaldehyde on S-doped TiO2 remained high under visible light irradiation at  wavelengths  longer   than   420 nm, while there was no activity of pure TiO2 for decomposition of acetaldehyde as shown in Fig. 7. Although photocatalytic activity levels of S-doped TiO2 were not so high, photocatalytic decomposition of acetaldehyde also proceeded on S-doped TiO2 under photoirradiation at wavelengths longer than 470 nm. The rate of photodecomposition of acetaldehyde on S-doped TiO2 decreased rapidly with increase in the wavelength of inci- dent light. These results suggested that apparent quantum eﬃciency for decomposition of acetaldehyde on S-doped TiO2 under visible light is much lower  than  that  under UV light. 
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3.5. Photocatalytic decomposition of acetaldehyde on S- doped and N-doped TiO2 loaded with or without Fe2O3 
nanoparticles in gas phase 
 Fig. 8 shows photocatalytic evolution of CO2 generated by decomposition of acetaldehyde on S-doped and N- doped TiO2 loaded with Fe2O3 nanoparticles and pure TiO2 as a function of irradiation time. Photocatalytic activity levels of S-doped and N-doped TiO2 loaded with Fe2O3 nanoparticles are higher than that of pure TiO2 at the initial stage under photoirradiation at wavelengths longer than 350 nm. However, rates of evolution of CO2 on both S- and N-doped TiO2 loaded with Fe2O3 nanoparticles slo- wed down at a certain irradiation time as shown in Fig. 8. Acetic acid and formic acid were mainly generated as inter- mediates as a result of oxidation of acetaldehyde on doped TiO2 photocatalysts [50]. CO2 was evolved from acetaldehyde by oxidation of acetic acid and formic acid on TiO2 photocatalysts under photoirradiation [50]. The rate of evolution of CO2 generated by oxidation of formic acid may 
be diﬀerent from that of CO2 generated by oxidation of acetic acid [50]. Therefore, time proﬁles of evolution of CO2 on S- and N-doped TiO2 loaded with Fe2O3 nanoparticles are inﬂuenced by the compositions of these two pro- cesses and their decomposition rates. In order to evaluate the reaction rates of acetic acid and formic acid on N- doped TiO2 loaded with Fe2O3 nanoparticles, photode- composition of these two compounds on N-doped TiO2 loaded with Fe2O3 nanoparticles, the amount of which  was 1 wt%, was examined.  The results  are  shown  in  Fig. 9A. The reaction rate for decomposition of formic acid is much faster than that of acetic acid on N-doped TiO2 loaded with Fe2O3 nanoparticles. These results suggested that faster reaction at the initial stage for degradation of acetaldehyde is due to degradation of formic acid and that slower reaction at a later stage is due to degradation of acetaldehyde. The starting time of the later stage is consis- tent with the time of disappearance of acetaldehyde as shown in Fig. 9A. Therefore, both formic acid and acetic acid were generated photocatalytically at an appropriate ratio, and preferential oxidation of formic acid is thought to proceed at the initial stage because oxidation of formic acid occurs more easily than that of acetic acid as described above. The proportion of acetic acid at the later stage is much larger than that at the initial stage. Consequently, acetic acid generated as a result of oxidation of acetaldehyde was mainly oxidized at the later stage. As shown in Fig. 9A, the reaction rate of degradation of acetaldehyde approximately corresponded with that of oxidation of for- mic acid at the initial stage and the reaction rate of oxidation of acetic acid corresponded with that at the later stage when N-doped TiO2  loaded  with  Fe2O3  nanoparticles (1.0 wt%) was used. Fig. 10 shows FT-IR spectra of N- doped TiO2 loaded with Fe2O3 nanoparticles after 0.5 and 2.0 h of photoirradiation. Two peaks assigned to acetic acid were observed after photoirradiation for 0.5 and 2.0 h. As discussed above, acetic acid is more stable than formic acid on doped TiO2 under photoirradiation. Therefore, for- mic acid might disappear very quickly under photoirradiation because formic acid is easily oxidized. The reaction rates for degradation of both formic acid and acetic acid gradually decreased with increase in amounts of Fe2O3 nanoparticles loaded on N-doped TiO2 as shown in Fig. 9B. The later stage for oxidation of acet- aldehyde on N-doped TiO2 loaded with Fe2O3 nanoparticles, which is due to oxidation of acetic acid, gradually decreased with increase in the amount of Fe2O3 nanoparticles loaded on N-doped TiO2. However, increase in the reaction rate at a faster initial stage, which is due to oxidation of formic acid, was observed with increase in the amount of Fe2O3 nanoparticles. Nimlos et al. reported another reaction scheme for oxidation of acetaldehyde on TiO2 photocatalysts [51]. CO2 was directly evolved by the reaction between acetaldehyde and OH radials generated photocatalytically [51]. According to a previous literature [51], we assumed to take place two path-way reactions. First way acetaldehyde was directly oxidized to CO2 (2). On the other hand, CO2 was evolved by oxidation of acet- aldehyde via acetic acid (3) and (4). 2CH3CHO+ 2.OH + O2 → 2CH. + 2CO2 + 2H2O (2) CH3CHO + .OH þ O2 → CH3COOH + HOO. (3) CH3COOH + h+ → CO2 + CH. + H+ (4) Although the reason for the discrepancies in the rates of the initial stage for degradation of acetaldehyde and oxidation of formic acid using N-doped TiO2 loaded with a large amount of Fe2O3 nanoparticles is not clear, the possibility of direct evolution from acetaldehyde, reported by Nimlos et al., can not be ruled out in our system. The decrease in the reaction rate of the later stage can be explained as follows. When an excess amount of Fe2O3 nanoparticles was loaded on the doped TiO2 particles, aggregation of Fe2O3 nanoparticles easily proceeded [52]. Therefore, photoexcited electrons are accumulated in the aggregates of Fe2O3 nanoparticles loaded on the  surface of the doped TiO2. In these circumstances, photogenerated holes disappear easily as a result of the recombination of holes and electrons accumulated in Fe2O3 nanoparticles. Improvement in the reaction rate for degradation of acetadehyde on S-doped and N-doped TiO2 loaded with Fe2O3 nanoparticles is dominated by dispersibility and amount of Fe2O3 nanoparticles. Consequently, an excess amount of Fe2O3 nanoparticles loaded  on  S-doped  and  N-doped TiO2 shows a low rate constant for degradation of acetaldehyde. Three compounds, acetaldehyde, formic acid and acetic acid, are included in the initial stage of the reaction. 
 The presence of these three compounds at the initial stage might be due to the improvement of the reaction rate when an excess amount of Fe2O3 nanoparticles was loaded on doped TiO2. On the other hand, acetic acid is the main component at the later stage of the reaction. Therefore, the reaction rate for oxidation of acetic acid is consistent with the reaction rate of the later stage. As described above, the main factor responsible for improving the reac- tion rate at the initial stage is not clear yet. Therefore, fur- ther investigation is needed to clarify the main factor responsible for the discrepancies between the reaction rate at the initial stage and for oxidation of formic acid. We are now carrying out such investigation. Photocatalytic activity level of S-doped TiO2 loaded with Fe2O3 nanoparticles was higher than that of S-doped TiO2 under VIS light irradiation at wavelengths longer  than 420 nm as shown in Fig. 11. As discussed in Section 3.3, 
apparent quantum eﬃciency of S-doped TiO2 loaded with Fe2O3 nanoparticles was markedly improved com- pared to that of S-doped TiO2 without loading of Fe2O3 nanoparticles under photoirradiation in the visible light region. We estimated the overall expected gain in eﬃciency using the solar spectrum. The intensity ratio of UV light and visible light in solar spectrum is 0.06:1. The amount   of  evolved  CO2  based  on  this  ratio  was  157 ppm   at 360 min under solar beam as a light source.  
4.  Conclusions 
 S-doped and N-doped TiO2 loaded with Fe2O3 nanopar- ticles have been prepared. Their photocatalytic activities are controlled by changing the amount of Fe2O3 nanoparticles loaded on S-doped and N-doped TiO2. Action spectra of S-doped TiO2 photocatalyst for oxidation of acetic acid clearly exhibited photocatalytic activity in the visible light region. The photocatalytic activities of S-doped and N-doped TiO2 for oxidation of acetic acid were improved by loading with Fe2O3 nanoparticles on the doped TiO2. The reaction mechanism of photo-oxidation of acetalde- hyde on S-doped and N-doped TiO2 loaded with or without Fe2O3 nanoparticles was discussed. These investigations revealed that acetic acid and formic acid might be generated as intermediates during photocatalytic reactions.  
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